INTRODUCTION
Niemann -Pick disease type C (NPC) is a lethal, autosomal recessive, neurovisceral disorder characterized by intracellular accumulation of unesterified cholesterol and glycosphingolipids in late endosomal/early lysosomal compartments (1) (2) (3) . NPC has a wide clinical spectrum with a variable age of onset. The earliest clinical findings are often related to liver disease, usually cholestasis with prolonged neonatal jaundice and hepatosplenomegaly. Although cholestasis resolves in many of the patients, some of them develop chronic liver disease and can die of liver failure (4, 5) . Neurological features are progressive and include ambulatory impairment, ataxia, dementia, dysarthria, dysphagia, seizures and supranuclear vertical gaze palsy (3). The incidence has been estimated at 1/120 000-150 000 in western Europe (3) . NPC can be caused by mutation of either the NPC1 or NPC2 gene. Ninety-five percent of NPC cases are due to mutations in the NPC1 gene (18q11, OMIM #257220), which encodes a large, 142 kDa, transmembrane protein localized in the late endosomal/early lysosomal compartment and which functions in intracellular cholesterol transport and homeostasis (6) (7) (8) . The remaining NPC cases are due to mutations in the NPC2 gene (14q24.3, OMIM #607625), which encodes a small, 16 kDa, intraluminal protein that binds cholesterol (9, 10) . Recent work suggests a functional interaction between NPC1 and NPC2 in effluxing unesterified cholesterol from endolysosomes. NPC2 is thought to transfer cholesterol to NPC1, which is then hypothesized to transport cholesterol through the glycocalyx to the limiting membrane of late endosomes/early lysosomes (11) (12) (13) .
The BALB/cNctr-Npc1 m1N /J (Npc1 2/2 ), also referred to as Npc nih , mouse strain carries a spontaneous mutation of Npc1 and lacks functional NPC1 protein. This mouse model replicates many aspects of both hepatic and neurological disease observed in NPC1 patients. Characteristic features include hepatomegaly, unesterified cholesterol accumulation in the liver (with foam cells) and increased plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) liver enzymes from 5 to 6 weeks of age (14) (15) (16) (17) . Initial neurological symptoms appear around 6 weeks of age and consist primarily of progressive tremors and ataxia, reflecting the progressive loss of Purkinje cells in the cerebellum. Death occurs around 12 weeks of age (14, 18, 19) .
Despite intensive work, the precise mechanisms responsible for both brain and liver dysfunction are not fully delineated. Recently, cholesterol oxidation products, known as oxysterols, have been reported to be potentially sensitive and specific biomarkers for NPC1 disease (20, 21) . Identification of additional biomarkers reflecting multiple aspects of the NPC1 pathological cascade will be of potential value in establishing a diagnosis and investigating candidate therapeutic interventions. We have focused on the liver disease, investigating alterations in gene expression and signaling pathways across the lifespan of the mutant Npc1 2/2 mice to identify pathophysiological mechanisms contributing to the progression of NPC1 disease.
RESULTS

Identification and validation of differentially expressed genes
Differentially expressed genes (DEGs) in liver tissue from control (Npc1 +/+ ) and mutant (Npc1 2/2 ) female mice were identified using microarray analysis. In order to characterize the temporal progression of gene expression changes, the microarray analysis was performed on cDNA isolated from Npc1 +/+ and Npc1 2/2 mice that were 1, 3, 5, 7, 9 and 11 weeks of age. Principal component analysis (PCA) identified three distinct expression groups: (i) 1-week-old control and mutant mice, (ii) 3-to 11-week-old Npc1 2/2 mice, and (iii) 3-to 11-week-old control mice (Fig. 1 ). This delineation of specific groups demonstrates that differential gene expression in Npc1 mutant mice occurs by 3 weeks of age, prior to the onset of overt symptoms.
Criteria used to identify DEGs in Npc1 control and mutant liver tissue at each age included both fold-change (FC ≤ 21.3 or FC ≥ 1.3) and an uncorrected P-value (P ≤ 0.05). In general, the total number of DEGs, including the subset of genes showing increased expression in the mutant tissue, increased with age. For most ages, a higher proportion of DEGs showed increased expression in the mutant tissue (ranging from 49 to 65%, Table 1 ). The slight decrease in the number of upregulated genes observed in tissue from 11-week-old animals (3145 and 2973 DEGs at 9 and 11 weeks of age, respectively) may be related to the terminal stage of the disease. A subset of 5327 DEGs with altered expression at two or more ages was used for hierarchical clustering analysis (Fig. 2) . The majority of these genes (91%; 4850/ 5327) showed concordant deregulation of expression over the time course, and for many of these genes the FC increased with disease progression (Fig. 2) . The hierarchical clustering analysis identified the same three major groups as observed with the PCA (1-week-old mutants and controls, 3-to 11-week-old mutants and 3-to 11-week-old controls; Figure 1 . Principal component analysis (PCA). Using PCA, we were able to characterize the expression pattern for both Npc1 +/+ and Npc1 2/2 mice at all six ages (1, 3, 5, 7, 9 and 11 weeks). Control (Npc1 +/+ ) mice figure as circles, mutant (Npc1 2/2 ) as diamonds. Color indicates age: 1-week-old samples in red, 3-week-old in green, 5-week-old in violet, 7-week-old in orange, 9-week-old in light blue and 11-week-old in dark blue. PCA clearly separates control and mutant mice by 3 weeks of age, and in general, age groups progressively diverge from each other.
Human Molecular Genetics, 2012, Vol. 21, No. 16 3633 Fig. 2 ). However, hierarchical clustering showed that 5-to 11-week-old Npc1 2/2 samples partitioned into distinct clusters by age. In contrast, only a single control group was identified after 5 weeks of age (Fig. 2) . This observation likely reflects the progressive pathology in Npc1 tissue. In contrast to the PCA (Fig. 1) , hierarchical clustering also distinguished control from mutant tissue at 1 week of age (Fig. 2) . This supports the conclusion that pathological changes occur early and significantly prior to the onset of symptoms in Npc1 mutant mice.
To validate the expression array analysis, we performed quantitative real-time PCR (qPCR) on 18 genes representing different functional categories (cholesterol transport and metabolism, cell adhesion, extracellular matrix remodeling, developmental signaling, oxidative stress and immune response). We confirmed concordantly altered expression of all 18 genes (Fig. 3) . Although it encodes a null allele with respect to protein function, mutant transcripts of Npc1 are present in reduced but detectable amount (22) . As expected, expression of Npc1 was decreased 2-fold in mutant mice compared with controls. The Hhip (Hedgehog-interacting protein) gene also showed decreased expression in the mutant mice. Sixteen genes, Ctss (cathepsin S), Cyba (cytochrome B245 alpha subunit), Cybb (cytochrome B245 beta subunit), Itgax (integrin alpha x), Itgb2 (integrin beta 2), Mmp12 (matrix metalloproteinase 12), Gpnmb (glycoprotein nmb), Lpl (lipoprotein lipase), Syngr1 (synaptogyrin 1), Hexa (hexosaminidase A), Rragd (Ras-related GTP binding protein D), Lyz2 (lysozyme 2), Cyp51 (cytochrome P450 family 51), Idi1 (idopentenyl-diphosphate delta isomerase), Sqle (squalene epoxidase) and Abcg1 (ATP-binding cassette subfamily G member 1) showed increased expression in Npc1 mutant mice compared with control littermates. When comparing all time points for all 18 genes, the expression array and qPCR data differed only for 4 out of 108 (3.7%) samples (7-week time point for the Cyp51 gene, 1-week time point for the Hexa gene, 9-week time point for the Hhip gene and 9-week time point for the Idi1 gene). For these four data points, one of the two methods, either expression array or real-time PCR, did not identify a significant change in gene expression between control and mutant mice.
In order to further validate our expression array data, we analyzed the expression of genes previously reported to have altered expression in NPC1 disease. As expected, Npc2 and Plin3 genes (perilipin 3 or mannose-6-phosphate receptorbinding protein 1, M6prbp1) were upregulated in mutant tissue in our microarray study, with an FC of 1.3 to 1.75 for Npc2, and 1.6-fold to 2.1 for Plin3 (23) (24) (25) . We also compared our results with the DEG lists from four previous microarray studies conducted analyzing either human NPC1 fibroblasts or Npc1 mouse cerebella and liver tissue (Supplementary Material, Table S1 ) (25) (26) (27) (28) . In order to compare our gene lists with the microarray data on human cells, we converted the human gene symbols into their mouse homologs, using the Ensembl Biomart tool. About 65% of the human genes had an identified murine homolog. Forty percent of the DEGs published in the two studies using human fibroblasts (393 out of 1010, and 18 out of 45) were also identified in this study, and about half of these genes had a deregulation of expression in the same direction (222 out of 393, and 8 out of 18). Half of the genes with an altered expression in the mouse 3-week-old cerebella study (75 out of 154) were also deregulated in our liver data, with the majority (56 out of 75, 75%) being altered in the same direction. The most recent study examined gene expression in 7-week-old cerebellum and liver from the Npc1 mouse Figure 2 . Heat map analysis. The depicted heat map was generated using 5327 genes that demonstrated differential expression (P-value ≤ 0.05 and |FC|≥1.3) for at least two ages, in liver tissue between Npc1 +/+ and Npc1 2/2 mice. Intensity of expression of each gene was standardized between 22 (in blue) and 2 (red). Hierarchical clustering showed that gene expression patterns differed significantly between control and mutant tissue even by 1 week of age. Also, in contrast to control animals where the gene expression pattern appeared to mature and stabilize by 5 weeks of age, gene expression patterns in the mutant animals continued to evolve, separating all the mutant samples by groups of same age.
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Human Molecular Genetics, 2012, Vol. 21, No. 16 To account for unequal variances in small-sample-size groups, an ANOVA test with a Games-Howell post hoc correction was performed to determine the significance of the difference in means between control and mutant mice at each age:
* P-value ≤ 0.05; * * P-value ≤ 0.001. (28) . About 30% of the DEGs published in this study were common with our gene list (410 out of 1325 for the cerebellum study, and 137 out of 473 for the liver study). The majority of genes with altered expression in the 7-week-old livers (103 out of 137, 75%) showed a deregulation of expression in the same direction as we observed in this current study. Considering the extensive biological and technical differences (species, cell/tissue types, diet, RNA extraction, labeling and array platforms) that were used in the different studies, overall comparison of the DEG lists from these four studies with our data generally showed a reasonable concordance.
Pathway analysis
To gain insight into pathological processes, the DEG data were used to identify pathways with significantly altered gene expression. MetaCore from GeneGo, Inc., was used to identify pathway maps containing genes with a modified expression (Supplementary Material, Table S2 ). These pathways were considered significantly altered when the falsediscovery rate (FDR) P-value was ,0.05. Typically, this was found only if five or more genes in the pathway demonstrated altered expression. Significantly altered pathways were identified as early as 1 week of age, and the number of significantly altered pathways increased with age (Table 1) . Early on in the disease process, a limited number of pathways showed significant alterations, with nine and ten pathways identified at 1 and 3 weeks, respectively. In comparison, from 5 to 11 weeks, the number of identified pathways ranged from 71 to 157 (Table 1, Supplementary Material,  Table S2 , Fig. 4 ). Only a single pathway, the role of IL-8 in angiogenesis, was identified as significantly deregulated at all ages. There is no IL-8 homolog in the mouse; however, the mouse does have two homologous 'IL-8' receptors, Cxcr1/Il8ra and Cxcr2/ Il8rb. Altered expression of 37 genes (24 with increased and 13 with decreased expression; Supplementary Material, Table S3 ) contributed to the identification of this pathway. However, further evaluation of these data does not support a conclusion that an alteration of signaling through Cxcr1/ Cxcr2 receptors contributes to the pathology in NPC1. First, this pathway includes genes involved in the regulation of cholesterol homeostasis (Srebf1, Srebf2 and Hmcgr) which are expected to be altered due to impaired intracellular cholesterol transport in NPC1. Second, we did not observe altered expression of genes specifically related to Cxcr1/Cxcr2 signaling, with the exception of Cxcr1 itself whose expression was only upregulated in the terminal 11-week-old tissue (FC 1.5).
Pathological processes occurring earlier in disease progression are more likely to be directly related to the primary genetic defect, and thus are potential targets for therapeutic intervention. Nine functional pathways demonstrated altered gene expression at 1 week of age. Five of these nine pathways were involved in metabolic processes, including three associated with cholesterol synthesis and regulation of lipid metabolism. Consistent with the known dysregulation of cholesterol synthesis in NPC1 cells (16, (29) (30) (31) , among the 88 genes encoding enzymes participating in cholesterol biosynthesis, 16 out of 17 DEGs showed increased expression by 1 week of age (Hmgcs1, Hmgcr, Mvk, Pmvk, Mvd, Idi1, Fdps, Fdft1, Sqle, Lss, Cyp51, Tm7sf2 or Dhcr14, Sc4mol, Nsdhl, Sc5d and Dhcr7; Supplementary Material, Table S3 ). Only Acat1, which is not directly involved in sterol synthesis, showed decreased expression. Significant alterations, again consistent with prior data, were found in the regulation of lipid metabolism by liver X receptor, nuclear transcription factor Y and sterol regulatory element-binding protein (SREBP) (Srebp2, Cyp51, Fasn, upregulated; Srebp1 and Nfyb, downregulated) (31, 32) , and by peroxisome proliferator-activated receptor (Acsl4, Fabp3, Cpt1b upregulated; Acaa1b, Ehhadh, Acadm, Slc25a20, Hadhb downregulated) (Supplementary Material, Table S3 ) (27) . Other metabolic pathways with altered expression at 1 week of age include butanoate metabolism (Acacb, Acss1, Hmgcs1, upregulated; Acadm, Acat1, Hadhb, Dbt, Bdh1, Ehhadh, downregulated; Supplementary Material, Table S3 ) and linoleic acid metabolism (Fads1, upregulated; Cyp2c37, Cyp2c38, Cyp2c39, Cyp2c40, Cyp2c44, Cyp2c50, Cyp2c54, Cyp2c70, Cyp2e1, Cyp2j5, Cyp2j9, downregulated; Supplementary Material, Table S3 ). This last pathway is of particular interest since it was identified due to decreased expression of cytochrome P450 genes encoding enzymes involved in the metabolism of endogenous metabolites, xenobiotics and drugs (33) . The zinc finger protein 202 (ZNF202) pathway was identified as having significantly altered expression at 3 weeks and all subsequent time points (seven genes upregulated, seven downregulated; Supplementary Material, Tables S2 and S3 ). Differential expression of ZNF202 itself was not observed. ZNF202 is a transcriptional repressor of genes involved in cholesterol and HDL metabolism (33) . Thus, the identification of this pathway was likely secondary to altered cholesterol homeostasis.
Two pathways associated with immune response and inflammation were identified when the 1-week data were analyzed. These were the alternative complement (C2 and Clu, upregulated; Itgam, Cfh, C8a, C8g, downregulated) and the interleukin-1 (IL-1) signaling pathways (Jun, Map3k1, Rps27a, upregulated; Il1b, Il1rap, Serpine1, downregulated). Table S2 .
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Although these two pathways were identified in liver tissue from 1-week-old animals, dysregulation of immune and inflammatory pathways in general was a late finding (Fig. 4) . Specifically, between 11 and 37 immune/inflammatory pathways showed dysregulation in the 5-to 11-week tissue, with a majority of upregulated genes (462 out of 677, 68%) in the mutant tissue. Tnfa (tumor necrosis factor alpha), which was previously reported as upregulated in NPC1, did not show a differential expression in this study (15, 34) . However, the genes encoding Tnfa receptors, Tnfrsf1a (Tnf receptor superfamily member 1 alpha) and Tnfsr1b (Tnf receptor superfamily member 1 beta), were upregulated at 5 weeks of age, and between 7 and 11 weeks of age, respectively. Increased expression of genes corresponding to five chemotaxis pathways was observed starting at 5 weeks of age (due to the relatively large number of DEGs; please see Supplementary Material, Table S3 ). These included leukocyte chemotaxis (34 upregulated, 12 downregulated genes), CCR4-induced leukocyte adhesion (18 upregulated, 4 downregulated genes), inhibitory action of lipoxins on IL-8-and leukotriene B4-induced neutrophil migration (45 upregulated, 5 downregulated genes), lipoxin inhibitory action on fMLP-induced neutrophil chemotaxis (29 upregulated, 6 downregulated genes) and CXCR4 signaling pathway (14 upregulated, 3 downregulated genes). Identification of these pathways likely reflects an ongoing inflammatory process in the liver tissue. The pathway analysis suggested altered expression of genes involved in cell cycle regulation (15 pathways) starting at 3 weeks of age. This included increased expression of cyclins (Ccna2, Ccnb1, Ccnb2, Ccnd1, Ccnd2, Ccne1) and cyclindependent kinases (Cdk1, Cdk4, Cdk6). In addition, genes indicative of an alteration in ATM/ATR regulation of both G1/S and G2/S checkpoints showed similar altered expression starting at 3 weeks of age (Supplementary Material, Tables S2  and S3 ). These data suggest increased cell proliferation in the Npc1 liver.
A significant number of pathways associated with developmental signaling showed altered gene expression starting at 5 weeks of age. These included ubiquitously expressed, intracellular components of mitogen-activated protein kinase (MAPK) signaling, as well as non-canonical transforming growth factor beta (Tgfb) signaling pathways linked to epithelial-tomesenchymal transition (EMT), with the upregulation of the genes encoding the ligand Tgfb and its receptors Tgfbr1 and Tgfbr2. Our data also suggested that there was an early disturbance of small GTPase function in NPC1. By 3 weeks of age, disturbances were present in the Ras family small GTP-binding protein H-Ras (Hras) (10 upregulated, 5 downregulated genes), Ras-related C3 botulinum toxin substrate 1 (Rac1) (16 upregulated, 2 downregulated genes) and the related Ras viral oncogene homolog (Rras) pathway (7 upregulated, 5 downregulated genes) (Supplementary Material, Table S3 ). This dysregulation of G-protein signaling pathways was progressive, with 11 additional pathways identified, including alterations of Ras homolog gene family member A (RhoA) (17 upregulated, 8 downregulated genes) and cell division cycle 42 (Cdc42) (13 upregulated, 4 downregulated genes) (Supplementary Material, Table S3 ).
Altered expression of genes associated with an endoplasmic reticulum stress response was first observed at 3 weeks of age (17 upregulated, 15 downregulated genes) (Supplementary Material, Table S3 ). ER stress can be associated with oxidative stress and apoptosis, two pathological processes that have been postulated to play a significant role in the NPC1 pathological cascade (15, 25, (35) (36) (37) . However, gene expression differences associated with apoptosis and oxidative stress were a relatively late finding. Significant expression changes related to apoptosis and oxidative stress were identified only after 7 and 11 weeks, respectively. This observation suggests that therapeutic interventions targeting oxidative stress or apoptosis may be of limited efficacy with respect to treatment of hepatic disease.
Genes with differential expression at all evaluated ages
In addition to the pathway analysis to identify genes that are likely involved in NPC1 pathology, we also identified a subset of 150 genes that were differentially expressed at all six ages (Supplementary Material, Table S4 ). Thirteen (8.7%) of these 150 DEGs are involved in cholesterol or lipid homeostasis. As discussed above, the dysregulation of cholesterol homeostatic genes is expected. Two transcription factors, Jun and Spi-c, demonstrated consistent increased expression. Jun is one of the transcription factors activated by MAPK signaling, and has a broad spectrum of target genes, regulating cell proliferation or apoptosis, as well as immune and stress responses (38) . Increased expression of Jun in Npc1 2/2 mice may be related to early inflammatory events, potentially via the deregulation of IL-1 signaling, which is a known regulator of MAPK pathway (39) . Conversely, Spi-c, a PU.1-related transcription factor, is a highly specific transcription factor, only expressed in B-cells and splenic red pulp macrophages (RPM). It was suggested to be involved in red pulp macrophage differentiation required for red blood cell recycling and iron homeostasis (40) , and may contribute to B-cell differentiation (41) . Its unexpected expression in Npc1 2/2 liver might indicate ectopic presence of RPM in liver tissue, or alternatively reflect an abnormally high expression of this transcription factor in Npc1 mutant Kupffer cells or hepatic immune cells.
Interestingly, increased expression of aldolase A (Aldoa) transcript was observed in Npc1 mutant liver tissue (Supplementary Material, Table S3 ). Aldolases encode enzymes involved in glycolysis and gluconeogenesis, and are differentially expressed during development. Aldoa expression is high in fetal liver and decreases rapidly after birth, whereas expression of aldolase B (Aldob) increases after birth (42, 43) . In Npc1 mutant liver tissue, Aldoa expression did not decrease and Aldob expression did not increase as expected. Altered expression of aldolase isoenzymes in Npc1 2/2 mice could reflect an abnormal maturation of the liver, and might contribute to the neonatal liver disease observed in NPC1 patients.
Nine cytochrome P450 genes showed consistently decreased expression at all ages. The expression of this family of enzymes is mostly induced after birth, during the acquisition of the drug-metabolizing function of the liver (44, 45) . In addition to the CYP genes, expression of the hematopoietic prostaglandin D synthase gene (Hpgds), which encodes the key enzyme in the synthesis of prostaglandins (46) , was also consistently increased. Arachidonic acid and prostaglandin E2 syntheses have recently been shown to be
increased in NPC1 cells (47) . In addition to delayed hepatic development, the early downregulation of expression of numerous cytochromes of the Cyp2c subfamily, and the upregulation of expression of a few enzymes in the prostaglandin synthesis cascade, could be involved in the increased inflammation observed in NPC1 disease (48) (49) (50) . Cytochrome P450 downregulation is also a significant pharmacogenetic finding, since impaired P450 activity may result in altered drug metabolism by NPC1 patients.
Identification of serum biomarkers
Because of the clinical heterogeneity of NPC1 patients and lack of defined clinical outcome measures, quantitative biomarkers would be a useful tool in the development of therapeutic interventions. Table S5 ). Literature review was used to confirm that all of these genes correspond to secreted proteins. Since we were interested in identifying biomarkers that could be correlated with disease progression, we further selected genes showing a progressive dysregulation with age. As a proof-of-principle, we chose to evaluate serum protein expression of three candidate biomarkers: lectin galactoside-binding-soluble 3 protein (galectin-3, LGALS3), plasminogen activator urokinase-type (PLAU) and cathepsin D (CTSD). PLAU and CTSD had been associated with Alzheimer disease (52) (53) (54) (55) (56) , and secreted
LGALS3 acts as a chemoattractant, and could potentially be involved in liver fibrosis (57-59).
We measured serum concentrations of PLAU, CTSD and LGALS3 in control and NPC1 subjects by ELISA. For an initial pilot study, we compared serum from six age-matched controls and NPC1 patients. We observed markedly different levels between controls and patients for LGALS3 and CTSD, but not for PLAU (Supplementary Material,  Fig. S1B ). Thus, we proceeded to quantify LGALS3 and CTSD protein levels in serum from 30 individual NPC1 and 16 age-appropriate control subjects. Serum levels of both LGALS3 and CTSD were found to be significantly increased in NPC1 patients compared with age-appropriate controls (Figs 5B and 6B). Mean serum LGALS3 levels were 6.0 + 2.9 ng/ml (range: 2.2 -12.7) and 20.3 + 23.0 ng/ml (range: 3.8-128.8) for controls and NPC1 patients, respectively (P-value ≤ 0.005). Mean serum CTSD levels were 19.9 + 7.8 ng/ml (range: 5.6-35.1) and 106.7 + 65.7 ng/ml (range: 15.3-314) for controls and NPC1 patients, respectively (P-value ≤ 0.0001). Given the very large range observed for both LGALS3 and CTSD, we performed Grubb's test to identify outliers. The patient with the highest CTSD value and the two patients with the highest LGALS3 values were identified as outliers with 95% confidence, and were therefore not included in subsequent analyses. LGALS3 and CTSD concentrations were correlated (r ¼ 0.387, P-value ≤ 0.05) with each other (Supplementary Material, Fig. S3 ).
To evaluate the specificity of elevated serum levels of LGALS3 and CTSD for NPC1, we determined their concentrations in sera of patients with other lysosomal storage diseases (infantile neuronal ceroid lipofuscinosis or INCL, Gaucher disease or GD, GM1 gangliosidosis or GM2 gangliosidosis) (Figs 5B and 6B ). Three patients, one affected with GD and two with GM1, had elevated levels of LGALS3, and intermediate levels of CTSD. Mean concentrations of LGALS3 and CTSD of patients affected with LSDs were elevated compared with the mean concentration of the control group, but lower than NPC1 patients' mean levels.
To assess the ability of LGALS3 and CTSD serum concentrations to discriminate NPC1 patients from controls, we performed receiver operating characteristic (ROC) analysis. The area under the curve was 0.95 for both LGALS3 and CTSD ( Figs 5C and 6C) . For LGALS3, a cut-off value of 13.1 ng/ml would yield a specificity of 100% but a sensitivity of only 57%. By decreasing the cut-off value to 9.7 ng/ml, sensitivity is increased to 90%, but specificity decreases to 94% (Fig. 5C ). For CTSD, a cut-off value of 36.5 ng/ml yields a sensitivity of 90% and a specificity of 100% (Fig. 6C) .
We also evaluated whether the serum elevations of LGALS3 and CTSD could be secondary to liver disease in NPC1 patients. Liver function tests frequently show mild abnormalities in NPC1 patients; thus, we determined whether LGALS3 and CTSD serum levels correlated with serum measures of liver disease. A weak correlation was observed between AST levels and both LGALS3 (r ¼ 0.37, P-value ≤ 0.05) and CTSD (r ¼ 0.40, P-value ≤ 0.05) serum levels, but not between ALT and LGALS3 or CTSD concentrations (Figs 5F and 6F). Total bilirubin levels were also weakly correlated to CTSD serum concentrations (r ¼ 0.39, P-value ≤ 0.05), but not to LGALS3 concentrations (r ¼ 20.02, P-value ¼ 0.92) (Supplementary Material, Fig. S4A and B) .
Given the phenotypic heterogeneity observed in NPC1, we were interested in determining whether serum CTSD and LGALS3 concentrations correlated with NPC1 disease status. Neurodegeneration is particularly severe in most NPC patients, and it was evaluated using a severity scale (60) . A significant correlation was found between LGALS3 (r ¼ 0.47, P-value ≤ 0.005) and CTSD (r ¼ 0.44, P-value ≤ 0.007) serum levels and increased neurological disease severity ( Figs 5G and 6G) .
Recently, plasma levels of the cholesterol oxidation products 7-ketocholesterol and 3b,5a,6b-cholestane-triol were shown to be specifically elevated in NPC1 patients (20, 21) . To determine whether CTSD and LGALS3 provided independent information with respect to NPC1 pathology, we correlated serum LGALS3 and CTSD levels with concordant plasma 7-ketocholesterol and 3b,5a,6b-cholestane-triol levels.
LGALS3 did not significantly correlate with either oxysterol ( Fig. 5D and E) . CTSD levels were slightly correlated with 7-ketocholesterol concentrations (r ¼ 0.382, P-value ≤ 0.05), but not with 3b,5a,6b-cholestane-triol ( Fig. 6D and E) .
Miglustat is an iminosugar that inhibits the synthesis of glycosphingolipids and has been shown to have some efficacy in NPC1 patients in both case reports and a randomized clinical trial (61 -64) . Currently, miglustat has not been approved by
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the FDA for the treatment of NPC1 patients, but is used offlabel by a significant number of NPC1 subjects, including over half (60%) of the NPC1 subjects included in this study. We investigated whether miglustat therapy had any effect on LGALS3 or CTSD concentrations. No significant differences in serum levels of either LGALS3 or CTSD were observed when comparing miglustat-treated or -untreated patients (Supplementary Material, Fig. S2A -C) . Since individual responses could be masked by the large degree of interpatient variation, we compared serum LGALS3 and CTSD concentrations in six NPC1 patients for whom we had serial serum samples prior to and after initiation of off-label miglustat use. Miglustat therapy did not have a significant effect on serum levels of either LGALS3 or CTSD (Supplementary Material, Fig. S2B -D) . The patient data set evaluating miglustat therapy is limited; hence, we evaluated the potential usefulness of LGALS3 and CTSD to monitor therapeutic interventions in the Npc1 mouse model. In this experiment, we compared mice treated with miglustat, 2-hydroxypropyl-b-cyclodextrin (HP-b-CD) or a combination of both of these drugs with untreated mice. HP-b-CD is a heptameric cyclic sugar that has previously been shown to significantly decrease neuropathology and prolong lifespan in both mouse and cat models of NPC1 (29) (30) (31) (65) (66) (67) (68) . By RT-PCR analysis, consistent with the microarray data, expression of both galectin-3 and CTSD LGALS3 as a potential biomarker in NPC1. (A) The microarray analysis showed that expression of Lgals3 was significantly increased in liver tissue from Npc1 2/2 (black columns) compared with Npc1 +/+ (white columns), and that this dysregulated expression was progressive (mean and standard deviation, n ¼ 4; * P-value ≤ 0.05; * * P-value ≤ 0.0001). (B) The serum concentration of LGALS3 was increased in NPC1 subjects (n ¼ 30) compared with age-appropriate controls (n ¼ 16). In order to get an idea of potential specificity, we measured serum concentration of LGAL3 in subjects with four other lysosomal storage disorders (INCL, n ¼ 3; GD, n ¼ 5; GM-1 gangliosidosis, n ¼ 9; and GM-2 gangliosidosis, n ¼ 1). Mean and standard deviation are shown for each group. The dashed horizontal represents the 90% sensitivity cut-off (9.7 ng/ml) as determined by ROC analysis. (C) ROC analysis for LGALS3 (area under curve: 0.95; cut-off value of 13.1 ng/ml: specificity of 100%, sensitivity of 57%; cut-off value of 9.7 ng/ml: sensitivity increased to 90%, specificity of 94%). (D and E) LGALS3 levels did not correlate with serum levels of either 7-ketocholesterol (D) or 3b,5a,6b-cholestane-triol (E). (F) Correlation of LGALS3 with serum transaminase levels. (G) Serum LGALS3 levels showed a significant positive correlation (r ¼ 0.47, P-value , 0.005) with increasing disease severity (severity rank from least to most severe cases, 1 -39). (H) Effect of miglustat and HP-b-CD treatment on Lgals3 expression in the liver of Npc1 mice. Mice were chronically treated with either miglustat, HP-b-CD or a combination of both drugs from 1-week-old to their sacrifice at 9 weeks of age (see Materials and Methods for details). The mean and the standard deviation are shown for each group; n ¼ 4 for all groups, except the two indicated with '#' (n ¼ 2). * P-value ≤ 0.05; * * P-value ≤ 0.005; * * * P-value ≤ 0.0001 (unpaired t-test).
was increased in liver tissue from 9-week-old untreated Npc1 2/2 mice compared with control littermates (Figs 5H and 6H). Miglustat treatment had a modest effect on the level of expression of both genes in Npc1 2/2 mice (P-value ≤ 0.05 and 0.005 for Ctsd and Lgals3, respectively). In contrast, the treatment of Npc1 mutant mice with HP-b-CD significantly corrected Lgals3 and Ctsd expressions (P-value ≤ 0.0001), restoring a level of expression similar to that observed in controls (Figs 5H and 6H ).
DISCUSSION
NPC1 disease is a lethal neurodegenerative disorder that also includes hepatic manifestations. In order to gain insight into novel pathological processes and the relative timing of pathological processes and to identify potential biomarkers, we characterized liver gene expression changes in the Npc1 mouse model during disease progression. Array results were validated using qPCR. To our knowledge, this is the only microarray expression study which focused on liver tissue and evaluated a time course over the lifespan of Npc1 2/2 mice.
In comparison with age-matched control mice, we identified DEGs as early as 1 week of age, and hierarchical clustering could distinguish control and mutant liver expression patterns by 1 week of age. Since DEGs identified at pre-symptomatic time points are more likely to be proximally related to the initial pathological disturbances in NPC1 disease rather than Figure 6 . CTSD as a potential biomarker in NPC1. (A) The microarray analysis showed that expression of Ctsd was significantly increased in liver tissue from Npc1 2/2 (black columns) compared with Npc1 +/+ (white columns), and that this dysregulated expression was progressive (mean and standard deviation, n ¼ 4; * P-value ≤ 0.05; * * P-value ≤ 0.0001). (B) The serum concentration of CTSD was increased in NPC1 subjects (n ¼ 30) compared with age-appropriate controls (n ¼ 16). In order to get an idea of potential specificity, we measured serum concentration of CTSD in subjects with four other lysosomal storage disorders (INCL, n ¼ 3; GD, n ¼ 5; GM-1 gangliosidosis, n ¼ 9; and GM-2 gangliosidosis, n ¼ 1). The mean and the standard deviation are shown for each group. The dashed horizontal line represents the 90% sensitivity cut-off (36.5 ng/ml) as determined by ROC analysis. (C) ROC analysis for CTSD (area under curve: 0.95; cut-off value of 36.5 ng/ml: specificity of 100%, sensitivity of 90%). (D and E) Correlation of CTSD with serum levels of either 7-ketocholesterol (D) or 3b,5a,6b-cholestane-triol (E). (F) Correlation of CTSD with serum transaminase levels. (G) Serum CTSD levels showed a significant positive correlation (r ¼ 0.44, P-value , 0.007) with increasing disease severity (severity rank from least to most severe cases, 1-39). (H) Effect of miglustat and HP-b-CD treatment on Ctsd expression in the liver of Npc1 mice. Mice were chronically treated with either miglustat, HP-b-CD or a combination of both drugs from 1-week-old to their sacrifice at 9 weeks of age (see Materials and Methods for details). The mean and the standard deviation are shown for each group; n ¼ 4 for all groups, except the two indicated with '#' (n ¼ 2).
* P-value ≤ 0.05; * * * P-value ≤ 0.0001 (unpaired t-test).
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general secondary effects, we focused our initial analysis on these changes. Early modifications identified by functional pathways analysis included the deregulation of metabolic pathways, especially related to cholesterol and lipid metabolism, as well as pathways involved in immune response and inflammation, particularly IL-1 signaling and the complement pathways, and cell cycle regulation. An increased number of pathways, specifically immune response-and inflammationrelated pathways and development signaling pathways, become dysregulated after 5 weeks of age when the animals start to demonstrate overt symptoms. TGFb signaling, one of the main regulators of EMT during fibrosis, was upregulated in Npc1 2/2 mice, starting at 5 weeks of age (69, 70) . Hepatic fibrosis, although not commonly a critical clinical issue, can occur in NPC1 patients (4), and has been reported in 8-week-old Npc1 2/2 mice fed with both regular (28) or high-fat diet (19) , in an antisense-induced Npc1 model (71) and in the feline model (72) . Alteration in TGFb signaling might then be related to the liver injury observed in NPC1 disease, and to the numerous modifications in cell adhesion and cytoskeleton remodeling pathways we identified in Npc1 2/2 mice. Identification of biological pathways with altered expression can potentially guide the selection of potential therapeutic interventions. Both increased apoptosis (35, 37, 71) and oxidative stress (25, 36) have been reported in NPC1 disease. The treatment of Npc1 mutant mice with imatinib, an inhibitor of c-Abl kinase and p73 proapoptotic pathway, has been reported to be beneficial (73) . However, our data suggest that expression of genes related to apoptosis primarily occurs at 7 weeks and later, which suggests that the inhibition of apoptosis may be of limited efficacy. This is supported by the finding that imatinib has limited impact on the lifespan of Npc1 2/2 mice: lifespan of Npc1 mutant mice increased by only 12% when imatinib therapy was initiated at 1 week of age, and did not have a significant effect on lifespan when treatment was initiated at 4 weeks of age (73) . These data also suggest that gene expression changes related to increased oxidative stress are primarily found late in the disease process. This is consistent with our prior work that showed increased levels of plasma oxysterols in the Npc1 mutant mice primarily after 8 weeks of age (20) , and consistent with the limited efficacy of antioxidant therapies tested in Npc1 model (74, 75) .
Liver disease in NPC1 can be severe, but transient, during the neonatal period (4) . Although minor elevations of transaminases persist, it is not clear why the liver disease 'resolves' as an acute clinical problem in the majority of cases. The data from this study suggest that there may be a delay in the maturation of gene expression patterns that could contribute to impaired neonatal liver dysfunction. Decreased expression of cytochrome P450 enzymes could lead to impaired metabolism of endogenous metabolites and drugs. Similarly, there appears to be a delayed maturation of the normal aldolases A and B expression pattern. Aldob efficiently catalyzes the metabolism of fructose-1 phosphate in addition to fructose 1,6 diphosphate. Interestingly, fructose-1 phosphate aldolase deficiency has been reported in Tay -Sachs disease (76) . Although these hypotheses need to be experimentally tested, one could consider the potential therapeutic efficacy of the induction of P450 enzymes or the restriction of fructose intake in NPC1 patients with significant liver disease. Delayed maturation of a normal liver expression pattern may explain the transient nature of liver dysfunction frequently observed in NPC1 patients.
We identified and established potential usefulness of LGALS3 and CTSD as biomarkers for NPC1. LGALS3 or galectin-3 is ubiquitously expressed, and binds carbohydrates through its C-terminal region (77) . As an intracellular protein, it can be found in both the cytoplasm and nucleus, and as an extracellular protein it can be present on the cell surface or the extracellular matrix. Its functions are numerous and are highly dependent on its localization and the presence of other proteins. In the nucleus, it has been shown to play a role in RNA splicing (78) , through binding to ribonucleoprotein complexes, and in transcriptional regulation, through binding to transcription factors/regulators (77) . Cytoplasmic galectin-3 has been shown to regulate cell proliferation, differentiation, survival and death, via interaction with the K-Ras and Akt pathways.
LGALS3 has also been reported to play a role in the regulation of apoptosis (77) . Extracellular galectin-3 has both autocrine and paracrine activities, mediating cell adhesion, cell activation and acting as a chemoattractant in both acute and chronic inflammation. Increased galectin-3 expression in the Npc1 2/2 mouse liver, along with its elevated serum levels in NPC1 patients, is likely to be related to an inflammatory process. Macrophages are the main type of cells secreting galectin-3 (57), and activation of Kupffer cells or inflammatory cell recruitment to the liver is the likely source of galectin-3 in patient serum. Alternatively, Lgals3 has also been implicated in fibrotic diseases, and hepatocytes have been shown to express galectin-3 in association with liver fibrosis (58, 59) . Thus, hepatocytes could be another cellular source of secreted galectin-3 during late phases of the disease.
CTSD is a lysosomal aspartic protease, produced as a pre-pro-protein. Pre-pro-CTSD undergoes processing in both the endoplasmic reticulum and lysosomes to produce an active 48 kDa form (79) . Pro-CTSD, the secreted, catalytically inactive form, has been shown to act as an autocrine growth factor in various types of cancer (79) . Active CTSD is thought to be a nonspecific protease in lysosomes. Interestingly, in Alzheimer disease, CTSD is abundantly present in both senile plaques and neurofibrillary tangles (54, 80, 81) , is elevated in cerebrospinal fluid (55) and is involved in the processing of amyloid precursor protein (56) , apolipoprotein E (81) and Tau protein (82) . CTSD has previously been implicated in NPC1 pathology. Amritraj et al. (83) evaluated the role of both cathepsin B and D in Npc1 mouse brain and U18666A-treated cortical neurons. This group showed increased levels of both cytosolic CTSB and CTSD in cerebellar neurons relative to hippocampal neurons. Cerebellar neurons are preferentially affected in NPC1 disease, suggesting a role of cathepsins in neuronal pathology. The presence of catalytically active Ctsd in the cytosol of NPC1 cells, as a result of lysosomal permeabilization, could participate in apoptosis. The enzymatic function of CTSD has recently been shown to persist at more neutral pH, and could be responsible for ceramide-induced apoptosis via the processing of BH3-interacting domain death agonist protein, a proapoptotic Bcl-2 family member, and cytochrome c release from (86) . Consistent with this prior observation, they reported increased Ctsd expression in Npc1 hepatocytes (85) . In addition to NPC1 disease, CTSD had been shown to be upregulated in other LSDs, especially in brain homogenates of mouse models for GD, GM1 and GM2 gangliosidosis (87) . Although intracellular upregulation of CTSD seems to be common to LSDs, we showed much higher CTSD levels in NPC1 patient serum when compared with other LSDs patient serum, suggesting that increased secretion of this enzyme could be a distinctive characteristic of NPC1 disease. Biomarkers are tools that can be used to monitor disease progression or therapeutic interventions. In this context, multiple biomarkers corresponding to different aspects of the pathological cascade are needed. The progressive upregulation of expression of Lgals3 and Ctsd in mice and the correlation of their serum concentrations with disease severity in NPC1 patients suggest that these two markers could be indicators of disease progression. Miglustat treatment showed only limited effect on the expression of both genes in the liver of the mouse model, and no differences were observed between off-label miglustat-treated and -untreated NPC1 patients. In contrast, HP-b-CD, a cyclic oligosaccharide that has been shown to be efficacious in treating both NPC1 mice and cats (29, 30, (66) (67) (68) , significantly decreases the aberrant expression of both Lgals3 and Ctsd in Npc1 mutant mice. These data suggest that these two serum-based biomarkers will be useful tools in the evaluation of the potential therapeutic efficacy of HP-b-CD in NPC1 patients.
In conclusion, our gene expression profiling identified numerous DEGs and multiple pathways related to various pathological aspects of NPC1 disease, several of these have not been noted prior to this work. The genes or pathways with an early dysregulation are of particular interest, as they might constitute interesting targets for therapeutic interventions. This study also identified two novel serum biomarkers that can potentially be used to monitor disease progression and to facilitate the evaluation of efficacy of potential therapeutic interventions.
MATERIALS AND METHODS
Animal breeding, treatment and tissue collection
All animal work conformed to National Institutes of Health guidelines and was approved by the Eunice Kennedy Shriver National Institute of Child Health and Human Development Institutional Animal Care and Use Committee and the Einstein College of Medicine Institutional Animal Care and Use Committee. Heterozygous Npc1 +/2 mice were intercrossed to obtain control (Npc1 +/+ ) and mutant (Npc1 2/2 ) littermates. Pups were weaned 3 weeks after birth and subsequently had free access to water and normal mouse chow. PCR genotyping was performed using tail DNA (88) . Female pups were sacrificed at 1, 3, 5, 7, 9 and 11 weeks of age. Only female mice were used to avoid increasing variability due to potential gender effects on gene expression. Livers were collected from both mutant and control animals, and immediately frozen on dry ice. Four livers were collected corresponding to each age and genotype, for a total of 48 samples. Npc1 +/+ and Npc1 2/2 mice were enrolled in a specific treatment regime: untreated, HP-b-CD-treated, miglustattreated or combination-treated (HP-b-CD + miglustat). Starting at P7 and every other day thereafter, some mice were injected subcutaneously (SC) with 20% HP-b-CD (4000 mg/kg; 0.143 M; H107, Sigma Aldrich, St Louis, MO, USA). Additionally, some mice were injected intraperitoneally (IP) every day starting at P10 until P23 with either saline (control; 0.9% normal saline; 104 6816, Fisher Scientific, Waltham, MA, USA) or miglustat (dissolved in saline; 300 mg/kg; a gift from Oxford GlycoSciences, Abingdon, UK/Celltech UK, Slough, Berkshire, UK). Following weaning at P23, all mice were housed individually in cages and fed powdered chow (Lab Diet 5058, PMI Nutrition International, LLC, Brentwood, MO, USA) to which miglustat was added daily (1200 mg/kg) according to assigned treatment. Treated Npc1 2/2 and Npc1 +/+ littermates were sacrificed at 9 weeks old, with age-matched untreated animals for comparison. Mice were deeply anesthetized with an IP injection of sodium pentobarbital (150 mg/kg), and when insensate, were transcardially perfused with 0.9% saline solution. Following perfusion, a craniotomy was performed and the liver was removed, immediately frozen in liquid nitrogen and then stored at 2808C.
RNA extraction
Total RNA was extracted from the liver tissue, using TRIzol reagent (Invitrogen), followed by purification with Qiagen RNeasy Mini Columns (Qiagen). For gene expression profiling, the quality and the quantity of RNA were assessed using both a Bioanalyzer (Agilent, Inc.) and NanoDrop (Thermo Scientific, Inc.).
Microarray hybridization and data analysis
Microarray experiments were performed using standard Affymetrix protocols (Affymetrix, Inc.). Briefly, 200 ng of total RNA was reverse-transcribed to obtain labeled cDNA as recommended by the manufacturer. The hybridization cocktail containing the fragmented and labeled cDNAs was hybridized to Affymetrix Mouse GeneChip 1.0 ST chips, and the chips were washed and stained using standard protocols for the Affymetrix Fluidics Station. Probe arrays were stained with the streptavidin phycoerythrin solution (Molecular Probes) and enhanced using an antibody solution containing 0.5 mg/ml of biotinylated anti-streptavidin (Vector Laboratories). Arrays were scanned using the Affymetrix Gene Chip Scanner 3000, and gene expression intensities were calculated using the Affymetrix GeneChip Command Console software. Affymetrix .CEL files were normalized using the RMA (robust multi-array analysis) algorithm within the Partek Genomics Suite software, version 6.5 (Partek, Inc.). Analysis of variance (ANOVA) and linear contrasts were used to identify DEGs, using a larger set of samples, including additional controls. Lists of genes differentially expressed between Npc1 and control mice were generated at each time point, using a combination of thresholds for both uncorrected P-value and FC (P-value ≤ 0.05, and FC ≤ 21.3 or ≥1.3). This gene selection method combining P-value and FC cutoff was previously demonstrated to result in higher concordance degree of DEGs between different platforms, when compared with genes selected only on P-value ranking (89-91). Pathway and GO-enrichment analysis was carried out using the Partek w software (copyright: Partek, Inc., St Louis, MO, USA) and the MetaCore software (from GeneGo, Inc.). All microarray data used in this study are available through the National Center for Biotechnology Information's Gene Expression Omnibus (series accession number GSE33467). An Excel table with the result of the ANOVA for the whole genome is also available as a downloadable file (Supplementary Material).
Comparison with other microarray studies
Four other microarray studies using either cerebellum or the liver from the murine mouse model or human fibroblasts have been published (25) (26) (27) (28) . Gene symbols in the two human gene lists were converted to their murine orthologs, using the Ensembl Biomart tool (http://www.ensembl.org/ biomart/martview, last accessed on May 24, 2012). Gene symbol lists were then compared with our gene list in Excel, to identify common genes with altered expression.
Real-time PCR
Total RNA (10 mg), from the same set of livers used for the microarray analysis, was reverse-transcribed into cDNA, using a high-capacity cDNA archive kit, according to the manufacturer's instructions (Applied Biosystems). The following TaqMan assays were used to assess the expression level of a few genes with an altered expression in the microarray data (Applied Biosystems): Npc1 (Mm00435283), Abcg1 (Mm01348250), Sqle (Mm00436772), Idi1 (Mm00836417), Cyp51 (Mm00490968), Lpl (Mm00434770), Hexa (Mm00599877), Mmp12 (Mm00500554), Hhip (Mm00469580), Rragd (Mm00546741), Gpnmb (Mm00504347), Itgax (Mm00498698), Itgb2 (Mm00434513), Ctss (Mm01255859), Cyba (Mm00514478), Cybb (Mm01287743), Lyz2 (Mm01612741), Syngr1 (Mm00447433), Ctsd (Mm00515586), Lgals3 (Mm00802901). Gapdh was used as reference (TaqMan Rodent GAPDH control reagents, Applied Biosystems). All the different gene assays were first validated using serial dilutions of a control cDNA to check their efficiency rates in qPCR compared with Gapdh.
qPCR was performed in 384-well plates with an Applied Biosystems 7900 real-time PCR system. Each sample was analyzed in triplicate, using 50 ng of total cDNA for each reaction. The relative quantification of gene expression was performed with the comparative cycle number measured with the threshold method (C T ) (92), using the 1-week-old control samples as reference for quantification, and was plotted with the mean and the standard error of the mean (SEM) for each age-and genotype-group. An ANOVA with a Games -Howell correction was performed to assess the significance of the difference of means between control and mutant samples at each age.
Patients
This study was approved by the Eunice Kennedy Shriver National Institute of Child Health and Human Development Institutional Review Board. Informed consent and, when appropriate, assent were obtained. Serum samples were obtained from 16 male and 14 female NPC1 patients participating in a Natural History trial (06-CH-0186) and 16 control individuals of similar age and gender distribution. Mean age of patients and controls were 7.9 + 5.8 years old and 9.1 + 4.2 years old, respectively (P-value ¼ 0.3720). Phenotypic severity was determined using the severity scale developed by Yanjanin et al. (60) , which ranged from 0 to 40. The 4-month-old female with a severity score of 0 has an unusual, severe liver presentation, with no neurological signs, and was therefore excluded from the statistical analyses. Eighteen (60%) of the patients were being treated off-label with miglustat, an inhibitor of glycosphingolipid synthesis. Serum samples from patients affected with GD, INCL and both GM1 and GM2 gangliosidosis were obtained from other ongoing NIH trials.
Enzyme-linked immunosorbant assays
Serum levels of CTSD (EMD Millipore) and galectin-3 (LGALS3, R&D systems) were measured in triplicate by ELISA, following manufacturers' instructions. Standards were prepared following manufacturers' instructions. A standard curve was generated by linear regression and polynomial regression for LGALS3 and CTSD, respectively. For LGALS3, a 1:3 dilution was performed for both control and patient serum with the calibrator diluent provided by the manufacturer. For CTSD, serum was not diluted for controls, but diluted 1:2 for patients with the sample diluent reagent provided by the manufacturer. Serum from some NPC1 patients with high CTSD levels (.50 ng/ml) had to be diluted up to 20-fold in order to be within the linear range of the assay.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
